ABSTRACT This experiment was conducted to study the effects of whole yeast (Pichia guilliermondii; CitriStim, ADM, Quincy, IL) cell product supplementation on cecal microflora population and intestinal immune parameters in broilers. In the first experiment, birds were fed 0, 0.1, or 0.2% yeast cell wall product for 42 d. Feeding yeast cell wall products decreased (P = 0.03) the proportion of Escherichia coli in the ceca by 31% compared with the control group. The group fed 0.2% yeast cell wall product had a 20% decrease (P = 0.23) in Salmonella population compared with the control group. In the second experiment, birds were fed yeast cell wall product for 21 d and challenged or not challenged with coccidial oocysts, thus resulting in a 2 (0 and 0.2% whole yeast product) × 2 (coccidial challenge and no coccidial challenge) factorial model. Supplementing whole yeast cell wall product prevented a coccidial infection-induced decrease in the Lactobacillus population (P = 0.09) at 12 d postchallenge. Sup-
INTRODUCTION
Gut microbiota perform multiple functions such as preventing pathogen infections of the gut, digesting and providing nutrients, and most importantly, shaping the immune system of the mucosa (Goto and Kiyono, 2012) . The majority of the gut microbiota are strict anaerobes, though facultative anaerobes and aerobes exist (Sekirov et al., 2010) . Ceca are identified as the primary site of Salmonella colonization and contamination of broiler carcass with enteropathogens, which causes a significant problem for the broiler industry (Mainali et al., 2009 ).
At 4 d of age, Lactobacillus composed only 25% of the total cecal population, whereas Salmonella composed 40% of the total population with no Bifideobacteria present. However, at 25 d of age, the Lactobacilli and Bifidobacterium species increased to approximately 50% of the total bacterial species in the ceca, whereas the relative proportion of Salmonella decreased by approximately 50% compared with that at 4 d. It was also noted that at 25 d of age, though the proportions of Campylobacter remained small, proportions of Escherichia coli and Clostridium remained approximately 30% of the cecal bacterial population (Amit-Romach et al., 2004) .
Environmental and immunological stress factors such as intestinal infections and microbiological factors have a direct influence on the microbial population of the gut (Singer et al., 2007) . Infections of the gut of chickens can potentially increase the incidence of foodborne pathogens. Consequently, infected chickens shed higher levels of foodborne pathogens (Singer et al., 2007) . It has been established that coccidiosis infection increas-plementing yeast cell wall product prevented a coccidial infection-induced increase in the Salmonella population (P = 0.08) and E. coli (P = 0.12) at 12 d postchallenge. At 5 d (P < 0.01) and 12 d (P < 0.01) postcoccidial infection, yeast cell wall product supplementation or coccidial infection increased the regulatory T cell (Treg) percentage in the cecal tonsils, whereas yeast cell wall product supplementation in the coccidial-infected group decreased the increase in Treg percentage. At 5 d postcoccidial infection, coccidial infection increased (P = 0.01) the relative amounts of cecal interferon (IFN)γ mRNA. In addition, the yeast cell wall product supplementation in the coccidial-infected groups further increased (P = 0.15) the IFNγ mRNA. It could be concluded that yeast cell wall product supplementation decreased coccidial-infection-induced increase in E. coli and Salmonella colonization and improved IFNγ mRNA amounts after coccidial infection.
es the shedding of Clostridium perfringens in chickens (Kimura et al., 1976) . The stability of the gut microflora can be improved through supplementation of probiotics (Yang et al., 2012) and prebiotics such as mannan oligosaccharides (Fernandez et al., 2002; Geier et al., 2009) . Of the several products available to modify gut microbial population, mannan oligosaccharides have attracted attention for their ability to decrease cecal Salmonella colonization in chickens (Fernandez et al., 2002) . Supplementing chicken diets with 4,000 ppm mannan oligosaccharides decreased ceacal Salmonella Typhimurium numbers (Spring et al., 2000) . Though the effects of mannan oligosaccharides on gut microbiota have been studied, the mechanism through which mannan oligosaccharides alter intestinal gut microbiota has not been studied in detail. CitriStim is a commercial killed whole yeast cell (ADM, Quincy, IL) and is considered as a source of mannan oligosaccharides and β-glucans. This prebiotic contains a proprietary mixture of partially fermented yeast (Pichia guilliermondii) of what remains following the citric acid extraction from the yeast culture. The product provides the whole yeast cell and all its components.
In commercial poultry production, it is common to vaccinate birds with live coccidial oocysts. Birds vaccinated with live ovo coccidial oocysts can shed oocysts, which can be taken up by birds. Hence, it is common to combine an in ovo coccidial vaccine with anti-coccidial drugs after 19 d posthatch to reduce oocyst shedding and reinfection of birds (Lee et al., 2012) . The present experiment was conducted to study the effect of yeast cell wall product supplementation on the cecal microflora composition, cecal interferon (IFN)γ mRNA content and regulatory T cell (Treg) percentages in chickens during a coccidial infection induced at 21 of age.
MATERIALS AND METHODS
Two experiments were conducted to study the effect of yeast cell wall product supplementation on cecal microflora composition, cecal IFNγ mRNA content, and Treg percentages in broilers infected with coccidia. Birds were not vaccinated against any diseases. All animal protocols were approved by either the Ohio Agricultural Research and Development Center Animal Care and Use Committee or the Institutional Animal Care and Use Committee at The Ohio State University.
Experiment I
Experiment I was conducted to study the effects of yeast cell wall product supplementation on broiler cecal microflora composition. A total of 90 one-day-old chicks of mixed sex (Ross × Ross; Orville Chick Hatchery, Orville, OH) were randomly distributed to 1 of the 3 dietary treatments (0, 0.1, and 0.2% CitriStim). Each treatment was replicated in 5 floor pens of 6 chicks per replication (n = 5). The basal diet was a cornand soybean meal-based diet (Table 1) as previously used (Shanmugasundaram and Selvaraj, 2012a) . At 42 d of age (approximate market age of birds), one bird per replication was killed by carbon dioxide asphyxiation. The cecal contents were immediately collected and frozen at −80°C until further use for cecal microflora analysis. The production performance of the birds was reported earlier (Shanmugasundaram and Selvaraj, 2012a) .
Experiment II
A total of 90 one-day-old chicks of mixed sex (Ross × Ross; Orville Chick Hatchery, Orville, OH) were randomly distributed to 1 of 2 dietary treatments with 0 and 0.2% whole yeast cell products (CitriStim, ADM). Each treatment was replicated in 5 floor pens (n = 5) of 6 chicks per replication. The basal diet was a cornand soybean meal-based diet (Table 1) . At 21 d of age, the birds were weighed individually to identify those of similar sizes that were used in the coccidial challenge studies. Four birds per pen were selected based on BW at 21 d so there were no significant differences in BW of birds across the treatment groups at the start of coccidial infection. The 20 birds in each treatment group for the coccidial challenge experiment were housed in a total of 10 battery cages with 2 birds per battery cage. Birds in 5 battery cages (n = 5) were infected by oral challenge with 0 or 1.2 × 10 6 live coccidial oocysts (Inovocox, Pfizer Animal Health, NY; Eimeria acervulina, Eimeria tenella, and 2 strains of Eimeria maxima) in 200 μL of PBS, as described previously (Annamalai and , thus resulting in a 2 (0 and 0.2% whole yeast product) × 2 (coccidial challenge and no coccidial challenge) factorial model. At 5 and 12 d postcoccidal challenge, cecal contents from one bird per replication were collected for cecal microflora analysis as described previously.
Cecal Microflora Analysis
The microflora of the ceca was analyzed using the 16S ribosomal DNA primers as described earlier (AmitRomach et al., 2004) . Briefly, cecal contents were mixed with 10 mL of sterile PBS. The debris was removed by centrifugation at 700 × g for 1 min at room temperature, and the supernatant was collected and centrifuged at 12,000 × g for 10 min at room temperature and stored at −80°C until DNA extraction. The bacterial genomic DNA was isolated as described earlier (AmitRomach et al., 2004) . Primers for Lactobacillus, E. coli, Salmonella, Bifidobacterium, and Universal primers that identify all known bacteria were adapted from an earlier publication (Amit-Romach et al., 2004) . Cecal microflora was analyzed by real-time PCR described earlier . The threshold cycle (Ct) values were determined by iQ5 software (Bio-Rad, Hercules, CA) when the fluorescence rises exponentially 2-fold above background. The Ct values from Lactobacillus, E. coli, Salmonella, and Bifidobacterium analysis were normalized to the Ct values of the universal primers. To evaluate the relative proportion of each examined bacteria, all Ct values were expressed relative to the Ct value of the universal primers, and proportions of each bacterial group are presented where the total of the examined bacteria was set at 100% as described earlier (Amit-Romach et al., 2004) .
Treg Percentage in the Cecal Tonsils
At 5 d and 12 d postcoccidal challenge, single cell suspensions of the cecal tonsils from 4 pens (n = 4) in experiment II were concentrated for mononuclear cells by density centrifugation over Histopaque (1.077 g/mL, Sigma Aldrich, St. Louis, MO). Production and phycoerythrin-linking of mouse anti-chicken CD25 + were conducted as described earlier 
Cecal Tonsil Relative IFNγ mRNA Amounts
At 5 and 12 d postchallenge, total RNA was collected from the cecal tonsils from one bird in each of the 5 battery cages per treatment group (n = 5) and reverse transcribed into cDNA (Selvaraj and Klasing, 2006) . The mRNA was analyzed for IFNγ (5′-gtgaagaaggtgaaagatatcatgga-3′ and 5′-gctttgcgctggattctca-3′) using SyBr Green after normalizing for β-actin mRNA (5′-accggactgttaccaacacc-3′ and 5′-gactgctgctgacaccttca-3′) by real-time RT-PCR as described previously ).
The annealing temperature was 55°C for IFNγ and 57°C for β-actin. Fold-change from the reference was calculated as 2 (Ct Sample-housekeeping) /2 (Ct Reference-housekeeping) , where Ct is the threshold cycle (Shanmugasundaram and Selvaraj, 2012b) . The Ct was determined by iQ5 software (Bio-Rad) when the fluorescence rises exponentially 2-fold above background. The reference group was the 0% whole yeast cell product-supplemented group.
Statistical Analysis
A one-way ANOVA (JMP, SAS Institute Inc., Cary, NC) was used to examine the effect of yeast cell wall product supplementation on dependent variables. When the interaction or main effects were significant (P < 0.05), differences between means were analyzed by Tukey's least squares means comparison.
RESULTS

Experiment I: Effect of Yeast Cell Wall Product Supplementation on Bacterial Population in the Cecal Tonsil
At 42 d of age, feeding the yeast cell wall product significantly decreased (P = 0.03) the proportion of E. coli in the ceca (Figure 1 ). The group fed 0.2% yeast cell wall product had a 31% decreases in the E. coli species compared with the control group. The group fed 0.2% yeast cell wall product had a 20% decreases (P = 0.23) in the Salmonella species compared with the control group. There were no significant differences in the Lactobacillus (P = 0.40) and Bifidobacteria (P = 0.30) species among the birds in different experimental groups.
Experiment II
Effect of Yeast Cell Wall Product Supplementation on Production Performances. Coccidial infection decreased BW gain at 12 d postchallenge (Table  2) . Yeast cell wall product supplementation significantly prevented (P = 0.04) a decrease in BW at 12 d postchallenge (Table 2) . Coccidial infection increased feed conversion at 5 to 12 d postchallenge. Yeast cell wall product supplementation significantly prevented (P = 0.04) the increase in feed conversion at 5 to 12 d postchallenge.
Effect of Yeast Cell Wall Product Supplementation on the Bacterial Species in the Cecal Tonsil Postcoccidial Infection. At 12 d postcoccidial infection, the control group with coccidia infection had a 44% decrease in the Lactobacillus species, whereas yeast cell wall product supplementation prevented the decrease in the Lactobacillus species as the group fed yeast cell wall product had only a 21% decrease in the Lactobacillus species, compared with the control group with no coccidial challenge (P = 0.09; Figure 2 ). At 12 d postcoccidial infection, the control group with coccidial infection had a 34% increase in the proportion of Salmonella, whereas the group fed yeast cell wall product had a 9% decrease in Salmonella species, compared with the control group with no coccidial challenge (P = 0.08).
In the absence of coccidial infection, the group fed yeast cell wall product had a 21% decrease in the E. coli species compared with the control group (P = 0.19). Coccidial infection significantly (P < 0.01) increased the E. coli species at 5 d postcoccidial infection irrespective of yeast cell wall product supplementation. At 12 d postcoccidial infection, the control group with coccidial infection had a 22% increase in the E. coli species, whereas the group fed yeast cell wall product had a 23% decrease in the E. coli species, compared with the control group with no coccidial challenge (P = 0.12). Coccidial infection significantly (P < 0.01) decreased the Bifidobacteria species at 5 d postcoccidial infection irrespective of the amount of yeast cell wall product supplementation.
Effect of Yeast Cell Wall Product Supplementation on Treg Percentages in Cecal Tonsils. At 5 d (P < 0.01) and 12 d (P < 0.01) postcoccidial infection, yeast cell wall product supplementation or coccidial infection significantly increased the Treg percentage in the cecal tonsils, whereas yeast cell wall product supplementation decreased the Treg percentage in the coccidial-infected group (Figure 3) . Bifidobacterium in the cecal content were measured by real-time PCR after normalizing to the total DNA content of the cecal contents. The proportions of each bacterial group are presented where the total of the examined bacteria was set at 100%. Bars (mean ± SEM) with no common letter within a bacterial species differ significantly (P < 0.05). P-values for Lactobacillus: 5 d: CitriStim, P = 0.47; coccidiosis, P = 0.01; CitriStim × coccidiosis, P = 0.99; 12 d: CitriStim, P = 0.14; coccidiosis, P = 0.01; CitriStim × coccidiosis, P = 0.09. Salmonella: 5 d: CitriStim, P = 0.25; coccidiosis, P < 0.01; CitriStim × coccidiosis, P = 0.22; 12 d: CitriStim P = 0.01; coccidiosis, P = 0.01; CitriStim × coccidiosis, P = 0.08. Escherichia coli: 5 d: CitriStim, P = 0.19; coccidiosis, P = 0.04; CitriStim × coccidiosis, P = 0.89; 12 d: CitriStim P = 0.01; coccidiosis, P = 0.23; CitriStim × coccidiosis, P = 0.12. Bifidobacteria: 5 d: CitriStim, P = 0.48; coccidiosis, P < 0.01; CitriStim × coccidiosis, P = 0.59; 12 d: CitriStim P = 0.78; coccidiosis, P = 0.43; CitriStim × coccidiosis, P = 0.91. n = 4. 
Effect of Yeast Cell Wall Product Supplementation on the
DISCUSSION
Cecal tonsil is a gut-associated lymphoid tissue of the intestine and an important immune organ in the gut (Brisbin et al., 2010) ; hence, cecal tonsils were selected for further study. Whole yeast cell product supplementation decreased the E. coli species in the ceca, decreased the Salmonella species in the ceca postcoccidial infection, decreased Treg percentages postcoccidial infection, and increased IFNγ mRNA content postcoccidial infection.
Yeast cell wall supplementation decreased the population of E. coli and Salmonella in cecal tonsils. These pathogens can causes septicemia resulting in death and pericarditis, airsacculitis, and perihepatitis (Horn et al., 2012) of chickens. These pathogens can cause foodborne pathogen contamination for humans (Cruchaga et al., 2001) . Further, these pathogens are becoming resistant to antimicrobials, thereby increasing the chance of food contamination with antimicrobialresistant pathogens (Cruchaga et al., 2001) . Mannan oligosaccharide can agglutinate E. coli and Salmonella, thus preventing these pathogens from adhering to the intestinal wall (Bovera et al., 2012) . In broiler nutrition, probiotic species belonging to Lactobacillus and Bifidobacterium have demonstrated beneficial effects on broiler performance (Mountzouris et al., 2007) .
In this study, coccidial infection increased Salmonella and E. coli and decreased Lactobacillus and Bifidobacteria species in the ceca. Destruction of mucosa and the accompanied changes in the intestinal immune cells decrease cecal Lactobacillus and Bifidobacteria species and increase Salmonella species (Kimura et al., 1976) . Though most bacteria returned to the baseline at 10 d postcoccidial infection, Lactobacilli and Bifidobacteria did not return to the baseline, and differences were still noticeable even at 17 d postcoccidial infection (Kimura et al., 1976) . It was reported earlier that feeding yeast cell wall products during a coccidial infection improved production performance, increased macrophage nitric oxide production and cecal tonsil IL-1 mRNA content, and decreased fecal oocyst counts and IL-10 mRNA content postcoccidial infection (Shanmugasundaram et al., 2013) . Thus, feeding yeast cell wall product decreased the severity of a coccidial infection and the effects of coccidial infections on the cecal microflora populations.
Yeast cell wall product supplementation increased the Treg percentage in the cecal tonsils. The Treg percentage in gut-associated lymphoid tissue is highly dynamic and sensitive to the proportion of probiotic Lactobacillus bacteria and gut pathogenic microbiota (Smits et al., 2005) . In this experiment, feeding the yeast cell wall product decreased pathogenic Salmonella and E. coli bacterial populations in the ceca. Decreased pathogenic bacteria can be expected to increase the anti-inflammatory milieu and Treg percentage. Consistent with these results, earlier observations showed increased cecal tonsil IL-10 and a Treg cytokine, mRNA amounts in birds fed yeast cell wall product (Shanmugasundaram and Selvaraj, 2012a) . Coccidial pathogen upregulates IL-10, an immunosuppressive cytokine in chickens (Rothwell et al., 2004) . Immunosuppressive cytokines facilitate the pathogen to escape the host immune responses (Rothwell et al., 2004) . Alternatively, the host upregulates IL-10 to minimize the damage caused by the pathogen. Thus, the effect of yeast cell wall product supplementation on decreasing IL-10 mRNA postcoccidial infection can either reflect the decreased coccidial-induced damage in the yeast cell wall-supplemented group or increased host ability to clear the coccidial pathogen.
At 5 d postcoccidial infection, feeding yeast cell wall products increased the IFNγ mRNA amount in the cecal tonsils. Interferon γ is a pro-inflammatory cytokine and essential for directing the cell-mediated immune responses against intracellular pathogens like coccidiosis (Lillehoj and Choi, 1998) .Yeast cell wall products are rich in β-glucans, which resemble pathogen-associated molecular patterns and can stimulate innate immunity by secreting inflammatory cytokines (Soltanian et al., 2009) . It was earlier observed that feeding the yeast cell wall product increased pro-inflammatory cytokine mRNA postchallenge (Shanmugasundaram et al., 2013) .
Genetic differences between inbred lines have shown that IFNγ levels are higher in Eimeria-resistant lines than in susceptible lines after an Eimeria challenge (Yun et al., 2000) . In contrast, low levels of IL-10, an immunosuppressive cytokine, increase resistance, whereas high levels of IL-10 increase susceptibility to intracellular pathogens (Moore et al., 2001 ). The IL-10 plays a crucial role in preventing the development of a strong IFNγ-driven anti-coccidial response. Susceptible birds upregulated IL-10 mRNA after Eimeria infection, whereas resistant birds do not upregulate IL-10 mRNA. Eimeria-susceptible birds have 43-fold higher splenic IL-10 mRNA amounts than uninfected or resistant birds (Rothwell et al., 2004) . This suggests that higher amounts of IL-10 may increase susceptibility to Eimeria. The yeast cell wall product, thus, by increasing the IFNγ and decreasing IL-10 cytokines, could have benefitted the host immune responses.
It could be concluded that supplementing whole yeast cell wall product decreased coccidial infection-induced increase in E. coli and Salmonella colonization and improved IFNγ mRNA amounts postcoccidial infection. Whole yeast wall product (CitriStim) supplementation can be recommended to decrease the pathogenesis associated with a coccidial infection.
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